Summary Dormancy induction in temperate deciduous plants is thought to be regulated by short photoperiods, but low temperature has been shown to eliminate the short photoperiod requirement in northern ecotypes. An F2 population (191 plants) red osier dogwood (Cornus sericea L.) derived from a polycross of an F1 population produced from reciprocal crosses of the parental clonal ecotypes, Northwest Territories (NWT, 62°N) and Utah (42°N), was examined to identify molecular markers of temperature-induced endodormancy. Dormancy induction curves were generated for each individual in the F2 population and a standard point prior to vegetative maturity (i-VM) was inferred from the change in slope of the dormancy acquisition curve. Under Saskatoon, Saskatchewan field conditions (52°N), the NWT ecotype entered i-VM on average 5-6 weeks before the Utah ecotype. Two sub-populations of the F2 population were distinguishable based on VM acquisition on exposure to low temperature but not to short photoperiods. A sequence characterized amplified region (SCAR) marker was developed that correctly (> 92%) identified individual plants within the F2 subpopulation that were responsive to low-temperature induction of VM. Timing of bud break was strongly associated with the timing of VM in the geographical ecotypes but not in the F2 population, indicating that these are separate traits under genetic control.
Introduction
Red osier dogwood (Cornus sericea L.) is distributed across North America, from the Arctic to Mexico and from coast to coast across the north-south range (Smithberg and Weiser 1968) . The wide distribution of this species and its adaptation to a variety of environments, its short generation time and its small stature make it ideal for ecophysiological and genetic studies, and it has been used for nearly 40 years in abiotic stress and dormancy research (e.g., Weiser 1970 , Fuchigami et al. 1982 , Hummel et al. 1982a , Renault 2005 ). Caprio and Quamme (1999) found temperatures in November, December and February to be most closely associated with winter injury in apple over a 72-year period. Because the timing of cold acclimation is associated with growth cessation, the timing of dormancy events is important in short-season, northern temperate regions where late dormancy attainment would prevent attainment of full low-temperature tolerance (Smithberg and Weiser 1968, Stevenson 1994) . A recent meta-study linked unfavorable fall conditions and low midwinter temperatures to winter injury in Finnish apple orchards over a 71-year period (Lindén 2001) . The analysis suggested that absolute cold hardiness and the timing of hardiness development were equally important in preventing winter injury.
Dormancy is induced by short photoperiods (Garner and Allard 1923, Weiser 1970) and requires the phytochrome protein pigment for photoperiod-sensing (Wareing 1956 ). However, recent quantitative genetic studies indicate that temperature may be more important relative to the effect of photoperiod in dormancy induction for northern ecotypes than previously realized . Moreover, Heide (2003) recently found that mild autumn temperatures delayed spring bud break.
We have shown that dormancy induction in southern ecotypes of the temperate woody perennial shrub red osier dogwood (Cornus sericea L.) is dependent on short photoperiods, whereas in northern ecotypes dormancy is induced by either short photoperiods or low temperature (Stevenson 1994) . Thus low temperature can by-pass the short photoperiod requirement, but only in the northern ecotypes. In northern environments, where photoperiods are relatively long in summer, plants may be adapted to respond to more than one environmental stimulus. Northern dogwood ecotypes (NWT (62°N), Alaska (65°N)) entered dormancy 5-6 weeks earlier than southern ecotypes (Utah (42°N)) when grown in the same northern location (52°N) (Stevenson 1994) . Furthermore, the larger the day/night temperature difference, the faster the dormancy induction in northern dogwood ecotypes. Low temperature has also been shown to be the main environmental cue for dormancy induction in other northern woody tree species such as birch (Junttila 1980) and poplar . However, compared with photoperiod-induced dormancy, relatively little work has been conducted on the phenomenon of low-temperature induction of dormancy.
Numerous techniques have been developed to identify molecular markers including random amplified polymorphic DNA (RAPD) (Williams et al. 1990 ), which was used in combination with bulked segregant analysis (BSA) (Michelmore et al. 1991) . We report here the identification and development of a PCR-based marker that distinguishes a northern from a southern dogwood ecotype (Cornus sericea L.) based on temperature-induced dormancy.
Materials and methods
Red osier dogwood (Cornus sericea L.), which is found throughout North America (Eyde 1988) , is largely self-incompatible because of inhibition of pollen tube growth in the style (Hummel et al. 1982b ). The Northwest Territories (NWT) (62°N) and Utah (42°N) dogwood ecotypes used in our studies were generously donated by Harold Pellett (Univ. of Minnesota) and are the clones used in the studies of Smithberg and Weiser (1968) and Hummel et al. (1982a Hummel et al. ( , 1982b . Two F1 hybrid families (Utah × NWT, NWT × Utah) were produced at the University of Saskatchewan (52 o N) from controlled reciprocal crosses of early (NWT, 62°N) and late (Utah, 42°N) dormancy acquisition dogwood (Cornus sericea L.) ecotypes, by forcing bloom in a greenhouse under mild temperatures and long days (Andrews 1996) . Five siblings per F1 family were produced. An F2 generation, consisting in 191 genotypes and segregating for the timing of dormancy acquisition, was subsequently derived from a bulked pollen polycross within the siblings of each F1 family under field conditions. To produce the F2 population, seed was collected in the fall of 1996, stratified and planted in the greenhouse in spring 1997. Seedlings from the Utah × NWT F1 family were labeled U-and those based on the NWT × Utah F1 family were labeled N-. The seedlings were overwintered in 10-cm containers in a shade house with an insulating, reflective cover. In spring 1998, seedlings were clonally propagated in a greenhouse at 20-25°C under a minimum 16-h photoperiod in 350 ml Spencer-Lamaire (SpencerLamaire Industries, Edmonton, Alberta) roottrainer containers filled with soil-less medium (Sunshine No. 4, Sungro Hort, Inc., Bellevue, WA). For each of the 191 F2 genotypes, three rooted cuttings (replicates) were produced. The rooted cuttings were planted in field plots on July 23, 1998 and watered by drip irrigation.
Photoperiod and temperature induction of endodormancy under controlled environment conditions
Cuttings of Alaska (65°N), NWT (62°N) and Utah (42°N) clonal ecotypes were rooted in containers (see above) and grown under greenhouse conditions (25 ± 5°C, 22 h photoperiod, 600 µmol m -2 s -1 ) to an average height of 15 cm before being placed in controlled environment chambers (Conviron models E8H and PGR15), which provided 225 µmol m -2 s -1 of illumination from incandescent and cool white fluorescent lamps, and subjected to photoperiod and temperature treatments. The photoperiod (long days of 22 h (LD) and short days of 8 h (SD)) and temperature (mild temperature (WT) and low temperature (LT)) treatments were: LD/WT = day/night of 22/2 h and 20/15°C; SD/WT = day/night of 8/16 h and 20/15°C; SD/LT = day/night of 8/16 h and 15/5°C; and LD/LT = day/night of 22/2 h and 15/5°C with the 5°C temperature regime spanning 16 h beginning with the night period. At 10-day intervals during the treatments, four plants of each ecotype were defoliated and placed in LD/WT chamber conditions and days to bud break recorded.
Determination of i-VM in 1999
One sample per replicate per genotype was taken for a total of 3 × 191 = 573 cuttings per sampling date. Sampling began August 14, 1999 and was repeated every 7 days until September 27, 1999. Stem samples consisting of Nodes 3-5 were defoliated. The samples were placed in a mist chamber in a 20-h photoperiod at 20-25°C and 300 µmol m -2 s -1 . The date of first bud break was recorded. Cuttings failing to break bud after 60 days were determined to be in deep dormancy (270°GS according to Fuchigami et al. (1982) ).
Mean days to bud break (DBB) were plotted against sampling date (represented as the number of days from the first sampling date) to create a dormancy acquisition profile for each of the 191 genotypes. Curves were fit with TableCurve2D (SPSS, Inc., Chicago, IL) software.
where y is days to bud break, x is sampling date, calculated as the number of days from the start of sampling, and a, b and c are constants derived by iteration until their values and the correlation coefficient no longer change.
The date of incipient vegetative maturity (i-VM) was considered to be the date (x) when the instantaneous slope equaled 0.5 (i.e., y′ = 0.5) (see Figure 1 ) and was patterned after the original equation of Worrall and Mergen (1967) for spring bud break. The mathematical meaning of this point is the date at which exposure to an additional 10 days of dormancy-inducing conditions (e.g., SDs) results in a 5-day delay in DBB. Because non-dormant C. sericea buds required 10 days to break bud, this additional 5-day delay in DBB represented a 50% greater time to break bud under forcing conditions (Andrews 1996) .
Determination of i-VM in 2000
Field sampling was repeated in the fall of 2000, however, among the phenotypes identified in 1999, only 16 extreme early dormancy phenotypes (most like the NWT parent ecotype) and 14 extreme late dormancy phenotypes (most like the Utah parent ecotype) were selected. Sampling was performed as described previously and commenced on August 14, 2000 and continued every 5 days until October 15, 2000. Date of i-VM was determined as described for 1999. The i-VM data were tested by ANOVA and means were separated with Fisher's protected LSD at P < 0.01.
Greenhouse evaluation
In July 2000, 30 cuttings of each of the 16 early and 14 late genotypes identified in 1999, were rooted and grown in a LD/WT regime (18-h photoperiod at 20-25°C; the photoperiod was extended by illumination with high pressure sodium vapor discharge lamps (1000 µmol m -2 s -1 )) until January 4, 2001. From August 4 onward, the photoperiod was adjusted every 3 days with daylight extension and blackout curtains to simulate the late summer and fall photoperiod. Sampling was repeated every 9 days from January 15 to March 28, 2001 . Date of i-VM was determined as described for the field samples. Effects of treatment on i-VM were tested by ANOVA and means were separated with Fisher's protected LSD at P < 0.01.
SCAR development
Fully expanded terminal leaves were sampled in August 2000 from the 16 early and 14 late genotypes identified in 1999. Subsamples (0.20-0.25 g) were placed in 1.5-ml microfuge tubes and ground to a fine powder in liquid N 2 with a plastic pestle. The DNA was extracted from the samples with a commercial kit (DNeasy plant mini-prep, Qiagen) and DNA concentration was determined spectrophotometrically at 260 nm.
Equal amounts of DNA from each genotype were combined to create bulk samples of the two extreme phenotypes (early and late dormancy acquisition, based on the 2000 field results). The bulked DNA was screened with 515 10mer primers (Nucleic Acid Protein Service Unit, Vancouver, BC: primers 101-400, 501-700; Operon Technologies, Alameda, CA: primer sets AA, BB). The PCR amplification was performed in a 25 µl reaction volume containing 10 ng DNA template, reaction buffer (0.01 M Tris (pH 8.3), 0.05 M KCl and 0.001% gelatin), 2 mM MgCl 2 , 400 µM dNTP, 5 pM primer and 0.5 unit Taq polymerase. Amplification was performed in a 96-well Genius thermocycler (Techne Inc.). Template DNA was initially denatured at 94°C for 5 min, followed by 40 amplification cycles (94°C for 30 s, 35°C for 1 min, 72°C for 1 min) and finishing with a final extension cycle at 72°C for 7 min. The PCR reaction products were separated electrophoretically in a 1% agarose gel containing 1 µg ethidium bromide/100 ml (Yang et al. 1997) .
Polymorphisms were confirmed by screening individual DNA samples and DNA from the early (NWT) and late (Utah) dormancy acquisition ecotypes with the primer that generated the polymorphism in the bulked samples. The polymorphic band was excised from the gel and re-amplified directly without purification by the same protocol as for the bulk samples with 5 µl of DNA-containing agarose as the template. The reaction product was cloned into a pDrive Cloning plasmid using a PCR cloning kit (Qiagen Inc.). Competent cells (E. coli) were thawed on ice and transformed by inoculating with 2 µl of ligation mixture following the procedure of Sambrook et al. (1989) . One culture (containing a correct size insert) was used to inoculate 5 ml of LB broth containing 100 µg ml -1 ampicillin and incubated overnight at 37°C at 225 rpm. The plasmids from this culture were purified using the Concert High Purity Plasmid Purification System (LifeTechnologies [GibcoBRL] ) and sequenced.
A sequence characterized amplified region (SCAR) primer pair (20 bases each) was designed to include the majority of the original RAPD primers (UBC162) using Primer3 software (Rozen and Skaletsky 1996, 1997) . The SCAR primers were synthesized by Invitrogen and were used in amplification reactions with DNA from the 30 F2 genotypes selected in 1999 in addition to the early (NWT) and late (Utah) parental ecotypes. Amplification conditions were similar to the RAPD protocol with the following modification: the annealing temperature was increased to 48°C for the first 39 cycles and increased to 50°C for the last cycle. The low GC content of the SCAR primers indicated a low melting temperature, dictating a low annealing temperature (Figure 3 ). Reaction products were electrophoretically separated as described previously. This procedure was repeated four times.
Spring bud break 2002
Date (calculated as the number of days from January 1) of spring bud break was recorded in the spring of 2002 for the 191 individuals of the F2 population and the six North American ecotypes. Relationships between date of i-VM and date of spring bud break for lateral and terminal buds were evaluated by regression analysis.
Results

Photoperiod and temperature induction of dormancy in northern and southern ecotypes
The LD/WT treatment induced dormancy in the Alaska ecotype in 60 days, whereas more than 125 days of LD/WT treatment were required to induce dormancy in the Utah ecotype. By contrast, short photoperiods induced more rapid dormancy attainment in all ecotypes with earliest dormancy attainment occurring after less than 25 days of SD/WT treatment in the Alaska ecotype followed by the NWT ecotype ( Figure 1 ). The Utah ecotype was the slowest to attain endodormancy, requiring more than 100 days of SD/WT treatment. The combination of short photoperiod and low temperatures accelerated dormancy induction in the Utah ecotype but had no accelerating effect on dormancy induction in the Alaska and NWT ecotypes. Low temperature alone (LD/LT) induced endodormancy in the two northern ecotypes, but not in the southern Utah ecotype (Figure 1 ).
Determination of i-VM in 1999
Under 1999 field conditions, the NWT ecotype achieved i-VM 16.3 days after the baseline date of August 14, whereas the Utah ecotype still had not attained i-VM by September 27 (Table 1, Figure 2 ). Acquisition of i-VM in the majority of the 191 F2 generation was well distributed among the dates of i-VM of the parental ecotypes, although a small number of the F2 generation attained i-VM later than the parental ecotypes (Table 1). Based on these results, a subgroup of 30 F2 genotypes representing a range of parental i-VM acquisition dates was selected for further study.
Determination of i-VM in 2000
The extended sampling period in the 2000 field season allowed determination of the date of i-VM acquisition for the Table 1 . Dates of i-VM of F2 genotypes and parents under 1999 field conditions. Equation coefficients correspond to the dormancy acquisition curve (y = a + be cx ). The i-VM date is the number of days after August 14. If an entry is absent from the last column, iVM did not occur. Boldface = genotypes similar to parented genotypes in VM acquisition. (NWT-type subgroup 1) of the 14 NWT-types were not significantly (P < 0.01) different from each other, but were significantly (P < 0.01) different from Utah-type subgroups 2 and 3. The NWT-type subgroup 1 was equivalent to the NWT ecotype. U16-29, the earliest of the NWT-types was significantly (P < 0.01) earlier than eight of the other NWT-types and the NWT ecotype. The 12 Utah-types separated into three sub-groups with substantial overlap. U16-47, U16-42, N08-18, U16-22, N08-10 and N02-11 (Utah-type subgroup 1) were not significantly (P < 0.01) different from each other; U16-22, N08-10, N02-11, N13-04, U13-06, N08-24 and U16-35 (Utah-type subgroup 2) were not significantly (P < 0.01) different from each other; and U13-06, N08-24, U16-35, U13-35 and N02-04 (Utah-type subgroup 3) were not significantly (P < 0.01) different from each other. The Utah ecotype was not significantly (P < 0.01) different from Utah-type subgroup 3. Plots were irrigated and pest problems were not a factor in dormancy induction. Thus, the main environmental parameters inducing dormancy were photoperiod and temperature. Because photoperiod is nearly identical on the same sampling dates between years, the earlier dormancy acquisition in 2000 compared with 1999 must be associated with lower temperatures during the induction period-mean daily August minimum temperature in 2000 was 9.3°C whereas it was 10.4°C in 1999 (Table 3 ). The mean daily August maximum temperatures for both years were identical at 24.0°C. Based on the i-VM results for 2000, seven early and seven late dormancy acquisition genotypes were selected for molecular marker de- velopment. The early types were chosen from the NWT-type subgroup 2 and the late types were chosen from Utah-type subgroups 2 and 3 (Table 2) .
Greenhouse evaluation
In the greenhouse, where temperatures were kept within the range of 20-25°C and photoperiod matched the August 14-October 15 sampling dates, the Utah ecotype required 17 more days of acclimating conditions before i-VM was acquired than under field conditions (Table 4) . By contrast, the date of i-VM acquisition of the NWT ecotype under greenhouse conditions was similar to the 2000 field results. The behavior of the F2 genotypes, however, differed dramatically for the early and intermediate types with a mean increase of about 30 and 33 days of short-day treatment, respectively, to acquire i-VM under greenhouse conditions than under field conditions, although one of the late F2 genotypes (N08-18) required 15 days less exposure to short days to acquire i-VM. The remaining late F2 genotypes behaved similarly to the Utah pa- (Table 4) .
Identification of UBC162/1100 and SCAR development
Screening of the 515 10mer primers resulted in the identification of one primer (UBC162) that amplified a fragment, approximately 1100 bp, present in the Utah-type bulked DNA sample but absent in the NWT-type bulked DNA sample. When the individual DNA samples were analyzed with this primer, the band was present in the Utah ecotype as well as in six of seven Utah-types, but only in one of the seven NWT-types. This fragment, which was designated UBC-162/1100 (Figure 4 ), was sequenced from both ends using the M13 forward and reverse primers. Assemblage of the sequence data revealed that 50-100 bp in the center of the fragment had not been sequenced. No sequence matches were found in GenBank using BLASTn with the obtained sequence and no further sequencing was performed on the fragment to obtain the missing portion.
To balance the melting temperatures of the primer pair and to avoid primer-dimer formation, the right primer did not include any of the UBC162 primer sequence, whereas the left primer included the entire sequence (Figure 4 ). This primer pair produced the same polymorphic band as the 10mer UBC162 primer with fewer nonpolymorphic bands (Figure 3 ). This SCAR marker was designated SC162/1100. When the DNA from the additional 16 genotypes selected in 1999 was amplified with the SCAR primers, SC162/1100 was absent in all of the additional early types, present in three of the four intermediate types and present in four of the five additional late types (Table 5) . Fisher's protected LSD (P < 0.01). 3 Rows in bold are genotypes that were selected for RAPD marker development. Genotypes with U-and N-prefixes refer to F2 progeny originating from the F1 bulked sibling cross from (Utah X NWT) and (NWT X Utah), respectively.
Bud break in spring 2002
For the F2 population in general, regression analysis indicated a poor fit between the date of i-VM acquisition and the date of spring bud break for terminal buds (R 2 < 0.01) and lateral buds (R 2 < 0.01). This is in contrast to the good fit between lateral bud break and i-VM acquisition date for four of the ecotypes (R 2 = 0.83). The earlier the i-VM date, the earlier the lateral bud break date and the more northerly the source of the ecotype (Table 6 ). When the Utah ecotype was included in the analysis, the fit dropped dramatically (R 2 = 0.09), because the Utah ecotype developed VM late in the season and broke bud early in the spring.
Discussion
Dormancy acquisition for northern ecotypes can be initiated by more than one environmental stimulus including both low temperature and decreasing day length, suggesting that multiple sensory systems feed into the physiological processes that result in dormancy acquisition and cold acclimation (Junttila 1980 , Stevenson 1994 . Several genes with additive effects are thought to be responsible for dormancy acquisition (Eriksson et al. 1978 ) and cold hardiness (Rehfeldt 1977 , Hummel 1981 .
The responses to dormancy induction conditions are not restricted to dormancy and cold acclimation processes. Several other physical and physiological changes may precede, occur in concert with, or follow cold acclimation. Each of these other responses may or may not be a cause or consequence of dormancy and cold acclimation. These include bud set (Goffinet and Larson 1980, Hauagge and Cummings 1991) , leaf and stem reddening (Field et al. 2001) , leaf abscission, protein synthesis (Coleman et al. 1991 , Arora et al. 1992 , changes in plant growth regulator concentrations and ratios (Psota et al. 1989 , Ramirez and Cardenas-Chavez 1989 , Rodríguez et al. 1991 , and sugar and starch remobilization (Essiamah and Eschrich 1985 , Sauter and van Cleve 1993 , Jones et al. 1999 . These multiple gene, sensory and response systems in the parental ecotypes act in concert to ensure the survival of species in their native environment. When these systems are redistributed through human intervention (i.e., hybridization), rather than by natural selection, the result is a continuum of responses as observed in the F2 population studied here compared with the parent ecotypes.
There was a dramatic shift in the responses of many of the genotypes from 1999 and 2000. With few exceptions, i-VM acquisition occurred earlier in 2000, likely a consequence of a lower minimum temperature in August 2000 than in August 1999. Stevenson (1994) showed that attainment of VM was accelerated in Utah and NWT types when a short photoperiod was combined with low temperature. Not only were night temperatures much lower (by as much as 11.5°C) after August 14, but there was also a much greater difference between day and night temperatures between August 14 and August 26 in 2000 than in 1999 (Table 3 ). The day/night temperature difference is of great significance because it has been shown to induce VM in northern ecotypes in the absence of short days. In southern ecotypes, large differences between day and night temperatures accelerate VM acquisition but only in conjunction with short days (Heide 1974 , Junttila 1980 , 1982 , Stevenson 1994 . For the three exceptions (U16-26, U16-42, U16-54), the i-VM date did not change markedly from 1999 to 2000 compared with the other genotypes and the observed 3-8 day difference for these three genotypes could have been caused by a slight shift in the dormancy acquisition curve as a result of increased sampling frequency and extended sampling period. These genotypes were insensitive to the colder conditions.
The effect of temperature on dormancy induction was further underscored by the greenhouse results showing that, in the absence of large differences between day and night temperatures (max difference 5°C), i-VM was delayed for all the genotypes but most dramatically for the early phenotypes. A widely held assumption is that photoperiod plays the major role in inducing dormancy. Our results challenge this assumption and suggest that temperature, and particularly day/night temperature differences, are as important as photoperiod in dormancy induction. This suggestion accords with the findings of Junttila (1980) , Stevenson (1994) and Howe et al. (2000) . Howe et al. (2000) observed that natural photoperiods under greenhouse conditions failed to promote bud set in Populus trichocarpa, whereas bud set occurred readily under field conditions. Stevenson (1994) reported that dormancy was not induced in the Utah ecotype in a 16-h photoperiod with day/night temperatures of 20/5°C or in an 8-h photoperiod with day/night temperatures of 5/5°C; however, dormancy was induced at an intermediate rate in an 8-h photoperiod with day/night temperatures 20/20°C or 20/15°C and the highest dormancy induction rate was observed in an 8-h photoperiod with day/night temperatures of 20/10 °C or 20/5 °C.
In the greenhouse study, i-VM acquisition of the NWT ecotype was not delayed as observed for the other ecotypes. The NWT genotype evolved under extreme conditions and to survive in its native habitat it must be able to respond to SD or low temperature, or both, which is a common adaptive strategy of other northern species (Junttila 1980 , Stevenson 1994 , Savolainen 1996 .
The bulk segregant analysis (BSA) approach used to identify a molecular marker overcomes the difficulty of finding a marker using non-isogenic lines (Yang et al. 1997 Where an entry is absent, i-VM did not occur during the sampling period. In calculating means, the value was arbitrarily set to 60. screening 515 RAPD primers, only one produced a polymorphism that differentiated between the low-temperature inducible and non-inducible VM dogwood phenotypes. The RAPD primers can generate many amplified bands making it difficult to score and this technique is often difficult to reproduce (Penner et al. 1993 , Schierwater and Ender 1993 , Williams et al. 1993 , Yoon and Glawe 1993 . The SCAR marker (SC162/1100) that was developed, effectively (> 92%) identified low-temperature-inducible VM genotypes ( Figure 5 ). It also increased the utility of the marker by reducing the number of amplified bands and by increasing reliability and reproducibility (Paran and Michelmore 1993) . This is the first reported identification of a marker linked to the low-temperature-induced dormancy trait. Other studies have developed markers for cold hardiness and the chilling requirement in blueberry species (Rowland et al. 1999 ) and for bud set and bud flush (Frewen et al. 2000) in poplar species. In dogwood (Cornus sericea), all ecotypes regardless of provenance are able to acclimate to a similar degree of cold eventually (Smithberg and Weiser 1968, Hummel et al. 1982a ). However, the correct timing of dormancy events that subsequently allow significant cold acclimation to occur (Fuchigami et al. 1982 ) is critical to survival. The molecular technique demonstrated with this study should be evaluated in other economically important species sensitive to low-temperature-induced dormancy. A molecular marker would obviate the need to screen progeny by time-consuming tests that depend on the correct environmental conditions for the trait to be expressed.
Spring bud break
Spring bud break is genetically controlled, likely by several genes (Dennis 1987, Hauagge and Cummings 1991) . Stevenson (1994) and Andrews (1996) demonstrated that provenance played a strong role in the amount of chilling required to break buds and that the northern dogwood ecotypes require less chilling than the southern ecotypes. Regression analysis of the geographic ecotypes revealed a strong correlation between early VM and early bud break. This is consistent with plant adaptation and survival. Early VM permits northern plants to prepare for early winter, whereas early bud break maximizes the length of a short growing season (Worrall and Mergen 1967) . In southern regions, late VM maximizes the length of the growing season and late bud break protects the plant against late frosts. The F2 population did not follow the pattern set by the ecotypes. This is because acquisition of VM and spring bud break are distinct characteristics that likely segregate independently. In the absence of a strong selection pressure (environmental stress), the F2 population will survive in protected field environments despite late VM acquisition or late spring bud break. The Utah ecotype did not follow the behavior of the other ecotypes in that the relative timing of VM acquisition did not correspond with the relative timing of lateral bud break (i.e., for the Utah ecotype, late VM acquisition in the fall was unaccompanied by late lateral bud break in the spring). This may have been associated with the stature of the plants in the field, because these plants were several centimeters shorter than any of the other ecotypes because of poor initial establishment. Consequently, these plants were protected to a greater extent by snow cover and were less influenced by late winter-early spring air temperatures.
There has been speculation about the productivity and survival of locally adapted plants and whether increased spring temperatures, as predicted by global warming, will accelerate bud break and expose plants to increased risk of spring frosts (Cannell 1985 , Cannell and Smith 1986 , Hänninen 1991 , Heide 2003 . In Betula pendula Roth., bud break occurs only after bud development (ontogenesis) is complete. This process occurs during quiescence after endodormancy is complete and begins in response to a critical photoperiod. The rate of ontogenesis is thereafter controlled by temperature (Häkkinen et al. 1998 , Häkkinen 1999 . Similar results have been found with Fagus sylvatica L. (Heide 1993) where, regardless of winter and spring temperatures, bud development begins only after a fixed date and timing of bud break can be accelerated only by a finite amount. Heide (2003) recently found, however, that mild autumn temperatures delayed subsequent spring bud break, implying that breeding or selection goals for increased adaptability to a changing environment should include the whole dormancy cycle from first induction to spring bud break (Péter 1990 , Germain 1990 .
In conclusion, temperature can be as important as photoperiod in stimulating dormancy initiation. Global climate change scenarios predict mean annual temperatures will rise and will be accompanied by increasingly unpredictable weather during seasonal transitions. Under conditions of unpredictable weather, plants that can acclimate rapidly to more than one environmental cue will be able to maximize growth, while minimizing exposure to potentially damaging conditions. The methods we used to develop a molecular marker should be applied to other species adapted to northern versus TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
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Figure 5. SC162/1100: Polymorphic band (1100 bp) amplified by the SCAR162 primer pair that distinguishes between early (absent) and late (present) VM acquiring genotypes. Abreviations: N = NWT ecotype; e1-e7 = early F2 (NWT parental type) genotypes; U = Utah ecotype; and l1-l7 = late F2 (Utah parental type) genotypes).
southern regions. Potentially, this type of marker could be used by woody plant breeders to select for timing of dormancy acquisition based on low temperature stimulus.
